Abstract: We implement a parallelized, reconfigurable processor for frequency-bin quantum states, demonstrating Hong-Ou-Mandel interference with record-high visibility and the first deterministic correlation swapping of spectrally entangled photons.
OCIS codes: (270.5585) Quantum information and processing; (270.0270) Quantum optics.
Quantum information encoding in optical frequency offers a slate of advantages for future quantum networks, due to the potential for large information capacities, stability over long distances, and compatibility with single-mode fiber. Yet coherent quantum operations on frequency bins are extremely challenging, necessitating nonlinear optical mixing with powerful pump fields [1, 2] or electro-optic modulation that tends to scatter photons into unwanted modes, introducing probabilistic results [3, 4] . Accordingly, the spectral degree of freedom-while widely employed as a channel for quantum information-has remained underutilized as the information itself.
Recently, we proposed a general framework [5] for spectrally encoded photonic state control, based on electrooptic phase modulators (EOMs) and Fourier-transform pulse shapers. This approach has allowed us to experimentally demonstrate frequency beamsplitters and tritters with ultrahigh operation fidelity and parallelizability across a 40 nm optical bandwidth [6] . In this work [7] , we significantly expand this paradigm, showing high-contrast interference of fully quantum frequency states. By making use of our gate's unique tunability, we demonstrate frequency-bin Hong-Ou-Mandel (HOM) interference with record-high 94% visibility. And by incorporating such tunability with our method's parallelizability, we synthesize independent quantum frequency gates in the same device, realizing the first high-fidelity flip of spectral correlations on two entangled photons. Our results demonstrate multiple functionalities in parallel in a single platform, representing a huge step forward for the frequency-multiplexed quantum internet. Figure 1 (a) provides a schematic of the experimental setup. A biphoton frequency comb (BFC) is generated by pumping a fiber-pigtailed periodically poled lithium niobate (PPLN) waveguide with a continuous-wave Ti:sapphire laser under type-0 phase matching, followed by filtering with a Fabry-Perot etalon with 25 GHz mode spacing (Δω/2π). Our entangled input state is thus of the form |Ψ = ∑ n c n |1 ω 1−n A |1 ω n B , where the coefficients c n are set by a pulse shaper (BFC Shaper) and the frequency modes are defined by ω n = ω 0 + nΔω.
Our quantum frequency processor (QFP) consists of two electro-optic modulators (EOMs) and another pulse shaper. In the implementation of our frequency beamsplitter, we can tune the reflectivity simply by changing the depth of the phase shift imparted by the QFP Shaper in Fig. 1(a) . Figure 1(b) plots the theoretically predicted (curves) and experimentally measured (symbols) beamsplitter reflection and transmission coefficients between bins 0 and 1, when probing the QFP with a coherent state and scanning the shaper phase. A phase setting of π results in the Hadamard (H) gate; 0 and 2π phase shifts yield the identity. Sending in the photon pair |Ψ = |1 ω 0 A |1 ω 1 B and scanning the pulse shaper phase, we measure the coincidence counts between output bins 0 and 1 shown in Fig. 1(c) . The visibility obtained from the theoretical fit is 0.94±0.01, with the reduction from unity completely consistent with the accidentals level expected for our measured counts and timing resolution. This visibility far exceeds the previous values measured for frequency-domain HOM interference without subtraction of accidentals-namely, 0.71 ± 0.04 [1] and 0.68 ± 0.03 [2] -and is a consequence of both the reduced optical noise and fine controllability of the operation.
Since the QFP's tunability relies on modifying the spectral phase only (with both EOMs fixed), we can actually perform independent operations by setting different phase shifts on appropriate subbands in the pulse shaper. This form of parallelizability is even stronger than what we previously showed, where the same operation was replicated across the bandwidth [6] . To demonstrate this, we set the BFC shaper to prepare the state
On each pair of adjacent frequency bins, we apply either the identity (1) or Hadamard (H) gates, and then measure coincidence counts between the frequency bins at the output. whereas mismatched cases produce uniform population of the two-qubit space [ Fig. 2(b) ]. By measuring correlations in neighboring bins as well, we confirm the self-contained nature of our operation; even in the worst case, less than 6% of the total coincidences lie outside of the 2 × 2 subspace, whereas similar state manipulation with only one EOM suffers from high probability of qubit scattering [3, 4] . The transition from 1 A ⊗ 1 B to H A ⊗ H B actually flips the correlations entirely, eliminating the negative frequency dependence resulting from pump energy conservation in favor of a positive dependence. Our demonstration is the first sign flip of biphoton frequency correlations post-generation and the first electro-optic-based two-qubit rotation that is closed in the 2 × 2 computational space-essential for the ideal two-level logic underpinning qubit-based forms of quantum information processing.
With strong correlations in two mutually unbiased measurements (1 and H), we can quantify directly the nonclassical nature of our state. Retrieving probability distributions from the raw counts in Fig. 2 via Bayesian mean error estimation (with no accidental subtraction), we violate an entropy-based bound satisfied by all separable states by ∼10 standard deviations. A more sophisticated Bayesian model that accounts for singles events as well as coincidences allows us to estimate the full density matrix: it has fidelity F = 0.92 ± 0.01 compared to the ideal Bell state [7] . Such findings demonstrate the utility of our QFP for manipulating joint quantum systems coherently and independently, preserving a state's built-in entanglement in the process-an entirely new functionality in frequency-bin qubit control.
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